Abstract-A high power W-band gyroklystron amplifier has been designed as the driver for a millimeter wave radar system currently under development at the Naval Research Laboratory. A time dependent, nonlinear theory was used to design the interaction circuit. Studies to determine the optimal stagger tuning and cavity Q values were performed. Circuit stability was investigated and the effect of beam parameter variation on circuit performance was also studied. The effects of mechanical tolerances and deviation of circuit dimensions from design values were examined. Simulations show that a four cavity circuit operating in the TE 011 mode at the fundamental of the cyclotron frequency can achieve 80.2 kW peak output power and 20.6% efficiency at a center frequency of 94.0 GHz with 740 MHz full width half maximum (FWHM) bandwidth for a 65 kV, 6 A electron beam.
I. INTRODUCTION

H
IGH POWER millimeter wave radar is of interest for a variety of applications, including high resolution imaging, precision tracking, and cloud studies. For wideband coherent radar, stringent requirements are placed on on average power, phase noise, and instantaneous bandwidth of the driver amplifier. Recently, a high power W-band radar program was initiated at the Naval Research Laboratory. The specifications for the radar driver are listed in Table I . The average power requirement of 10 kW represents a substantial advance in the current state of the art for W-band fast-wave or slow-wave amplifiers. For example, coupled cavity traveling wave tubes (TWT's) in W-band have delivered 5 kW peak power and 500 W average with 1 GHz full width half maximum (FWHM) bandwidth and 8% efficiency [1] . Significant increases in the average output power are difficult because of the small transverse circuit dimensions, typically on the order 10% of a free-space wavelength, and the resulting heat load due to beam intercept. On the contrary, a four cavity W-band gyroklystron amplifier has demonstrated 2.5 kW cw at 25% efficiency with a 300 MHz FWHM bandwidth [2] . With careful thermal management, the fast-wave interaction circuit of the gyroamplifier, which has transverse circuit dimensions on the order one wavelength, is scaleable to tens of kilowatts average power at 94 GHz.
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Publisher Item Identifier S 0093-3813(98)04269-6. With emphasis on high power and moderate bandwidth for the amplifier to be delivered to the radar system, a four cavity W-band gyroklystron amplifier has been designed. Gyro-amplifiers with higher bandwidth capabilities, such as gyrotwystrons and gyro-TWT's, are attractive options for subsequent wider band development efforts. In gyroklystrons, moderate bandwidths can be achieved by reducing the output cavity and stagger tuning the resonant frequencies of the cavities. The amplifier presently under development is designed to operate in the TE mode at the fundamental of the cyclotron frequency. The cryogen-free superconducting magnet will be used to generate the 40 kG magnetic field required for 94 GHz operation.
In the next sections, the design of the interaction circuit is discussed. Studies to investigate the tradeoffs between peak output power, gain and bandwidth are described. The change in circuit performance with beam parameter variation and the effect of cavity dimension changes and machining tolerances are investigated. The stability of the circuit at the nominal operating parameters is also examined. The design of the 65 kV, 6 A magnetron injection gun and the low duty proof of principal experiments are detailed in companion papers in this journal [4] , [5] .
II. DESIGN STUDIES
A schematic of a typical four cavity millimeter wave gyroklystron amplifier is shown in Fig. 1 . For this study, a 65 kV, 6 A electron beam was assumed. In general, such a beam is produced by a magnetron injection gun (MIG). The magnetic field at the cathode and the voltage on the intermediate anode can be varied to control the beam velocity ratio, . The beam is adiabatically compressed as it enters the region of U.S Government work not protected by U.S. copyright high magnetic field generated by a superconducting magnet. The cavities of the gyroklystron circuit are positioned in a region of nearly constant magnetic field. The output cavity, cavity 4, tapers up to the collector, which is followed by a vacuum window.
The interaction circuit described in this paper was designed with the nonlinear time dependent code, MAGYKL [3] , [5] . A four cavity circuit was chosen to obtain greater than 40 dB gain. The TE mode was selected because thermal studies showed the TE mode was not compatible with the 10 kW average power requirement. In order to design a circuit that meets all of the performance requirements listed in Table I , it was necessary to address several key issues including 1) bandwidth broadening through stagger tuning and output cavity reduction; 2) variation in circuit performance with variation in beam parameters such as beam current, velocity spread, and guiding center spread; 3) variation in circuit performance with changes in circuit dimensions; 4) stability of each cavity and drift region at the nominal operating parameters. Careful study of each of these issues led to a design that meets the requirements listed in Table I .
A. Bandwidth Enhancement
It well known that the bandwidth of a multicavity gyroklystron amplifier can be increased by reducing the output cavity or through stagger tuning of the cavity resonant frequencies [6] , [7] . However, broadening the bandwidth by these methods automatically leads to a reduction in gain, efficiency and peak output power of the circuit. A study to examine the design tradeoffs of bandwidth versus gain and efficiency for the four cavity circuit was undertaken, and the results are summarized below.
For example, Fig. 2 shows the peak output power versus FWHM bandwidth as a function of output cavity quality factor, , where is the loaded factor, which takes into account external , beam , and ohmic . A 65 kV, 6 A electron beam with velocity ratio and 4.4% rms perpendicular velocity spread was used in the simulations. The magnetic field was held constant at 36.8 kG. The loaded 's of the first three cavities were held fixed at and . The resonant frequencies of the four cavities used in the study were held constant at GHz, GHz, and GHz. As the output cavity was varied, the input power was adjusted to achieve saturation at the peak power point. Fig. 2 clearly shows that the bandwidth and peak output powers are strong functions of output cavity . When the output cavity is reduced from 275 to 150, the bandwidth is increased from 500 MHz to 680 MHz. The increase in bandwidth is accompanied by a reduction in efficiency from 30% to 25%, corresponding to a decrease in peak output power from 117 kW to 96 kW. Thus, by lowering the output cavity , bandwidth can be increased at the expense of output power and efficiency.
In a similar manner, stagger tuning can be increased to widen the bandwidth at the expense of gain [6] , [7] . The same beam parameters and magnetic field as those used in the output cavity study were used for the stagger tuning study. Fig. 3 shows the saturated gain versus FWHM bandwidth as a function of cavity 2 resonant frequency. The resonant frequencies of the other three cavities remained fixed at GHz, GHz, and GHz. The cavity 's also remained constant at , and . At each value of cavity 2 resonant frequency, the input power was adjusted to achieve saturation. Fig. 3 shows that as the resonant frequency of cavity 2 is increased from 93.90 to 94.21 GHz, moving away from the resonant frequency of the output cavity and increasing the stagger tuning, the bandwidth increases from 550 MHz to 740 MHz and the gain decreases from 47 dB to 41 dB. From a systems perspective, the gain of the gyroklystron amplifier is extremely important. Because of the limited availability of W-band sources capable of 15% duty, there is a strict lower limit on the acceptable gain of the gyroklystron amplifier. The stagger tuning must be optimized to achieve a suitable gain-bandwidth tradeoff. Fig. 4 shows the saturated gain versus FWHM bandwidth as a function of the penultimate cavity (cavity 3) resonant frequency. The resonant frequencies of the other three cavities remained fixed at GHz, GHz, and GHz, and the cavity 's are the same as those used in the cavity 2 stagger tuning cavity. As the resonant frequency of cavity 3 is decreased from 93.65 GHz to 93.28 GHz, increasing the stagger tuning, the bandwidth increases from 580 MHz to 700 MHz and the gain decreases from 48 to 46 dB. Thus, through aggressive stagger tuning of the buncher cavities (cavities 2 and 3), the bandwidth can be increased at the expense of efficiency, peak output power, and gain. A stagger tuning study with the input cavity showed that the bandwidth can be increased, accompanied by the concomitant reduction in gain, when the resonant frequency of cavity 1 is decreased below the resonant frequency of the output cavity.
It is important to note in Figs. 2-4 that beyond a certain point, the efficiency and gain decrease rapidly with only small corresponding increases in bandwidth. For example, in Fig. 3 as the resonant frequency of cavity 2 is increased form 94.10 to 94.21 GHz, the gain drops by almost 2.5 dB while the bandwidth is increased by only 40 MHz. Further increases in the stagger do not result in substantial increases in bandwidth. Thus, the stagger tuning of cavity resonant frequencies and 's can be optimized for the desired bandwidth and peak output power, efficiency, and gain.
The results of stagger tuning are shown in Fig. 5 , where the complex amplitudes of the fields in each cavity are plotted versus the drive frequency. The nominal electron beam (65 kV, 6 A, and 4.4% rms perpendicular velocity spread) was assumed. The stagger tuning between the resonant frequencies of cavity 1 and cavity 2 results in a nearly constant electric field amplitude in cavity 2 over the 93.1 GHz to 94.5 GHz range. Similarly, the field amplitude of cavity 3 is substantially enhanced at frequencies near 94.4 GHz by interaction in the previous cavity, and the desired effect of broadening the bandwidth of the circuit is achieved. In Fig. 5 , the cold resonant frequency of each cavity is also indicated. Note that the peak electric field in each cavity occurs at a frequency several hundred MHz above the cold resonant frequency due to the interaction with the electron beam.
B. Beam Parameter Studies
Results from the stagger tuning and studies were used to determine the optimal resonant frequencies and 's for each cavity to maximize the bandwidth while attaining at least 80 kW peak output power and 40 dB gain. The final Table II . Fig. 6 shows the output power and efficiency versus drive frequency for the circuit parameters detailed in the table as a function of rms perpendicular velocity spread. As seen in Fig. 6 , for a 65 kV, 6 A electron beam with and a perpendicular velocity spread of 4.4%, which is more than twice the spread predicted by the electron trajectory simulation of the gun [4] , the theoretical peak efficiency is 20.6%, corresponding to 80.2 kW peak output power. The FWHM bandwidth is 740 MHz, which significantly exceeds the goal of 600 MHz. For an ideal beam with no velocity spread, the peak efficiency is 23% and for a beam with 6.7% perpendicular velocity spread, the peak efficiency is 17.8%. It should be noted that the circuit was optimized for a beam with 4.4% perpendicular spread. If the circuit was optimized for the ideal beam, the peak efficiency with an ideal beam would be greater than 23%, but the peak efficiency a realistic spread of 4.4% would be reduced. The circuit parameters were optimized with a realistic beam velocity spread to maximize efficiency for the expected beam. Fig. 7 shows the peak output power, efficiency, and gain versus input power for the final circuit parameters (see Table II) at a drive frequency of 94.0 GHz. As shown in Fig. 7 , the output power and efficiency reach maximums of 80.2 kW and 20.6%, respectively, at a drive power of 6 W, corresponding to a saturated gain of 41.3 dB.
Because the beam loads the cavities and effectively lowers the cavity 's, the bandwidth of the circuit is a function of beam current. This phenomenon is illustrated in Fig. 8 , which shows the FWHM bandwidth versus peak output power as a function of beam current for a three cavity circuit. As the beam current is increased from 1 A to 7 A, the bandwidth is increased from 300 MHz to 475 MHz because of the decrease in the loaded of the output cavity. The peak efficiency, 39.6%, occurs at 5 A and the efficiency begins to decrease at higher beam currents. The results of the beam current studies, shown in Fig. 8 , are closely related to the output cavity variation studies, shown in Fig. 2 .
The circuit performance as a function of many other beam parameters, such as beam velocity ratio, average beam radius, and guiding center spread was also studied. The peak efficiency was found to be a weak function of the average beam radius and guiding center spread. On the contrary, peak efficiency and bandwidth are a strong function of the beam velocity ratio, , similar to the strong dependence on beam current shown in Fig. 8 .
C. Tolerance Studies
Tolerance studies were performed to determine the variation in circuit performance with changes in cavity dimensions. Machining tolerances of 0.001 27 cm ( 0.0005 in) can typically be achieved. For the W-band TE mode cavities, a change in radius of 0.000 635 cm corresponds to a frequency shift of approximately 250 MHz. Changes in the cold resonant frequencies of the cavities due to machining errors will effectively alter the stagger tuning of the circuit and will result in changes in the peak output power, efficiency, gain, and bandwidth. Fig. 9 shows the peak output power and efficiency as a function of frequency for the nominal design case (see Table II ) and a case where the radius of cavity 2 has been increased by 0.000 635 cm, while the radius of cavity 3 has been reduced by the same amount. With these changes in the radii of the buncher cavities, the resonant frequencies of cavities 2 and 3 are changed to 93.95 GHz and 93.54 GHz, respectively, reducing the stagger tuning of the buncher cavities about the resonant frequency of the output cavity. In the study, the input power was held fixed at 6 W, the Table II ), indicated by filled circles, and a case where the radius of cavity 2 has been increased by 0.00025 in and the radius of cavity 3 has been decreased by the same amount, indicated by filled squares. All other cavity and beam parameters remain fixed. magnetic field was 36.8 kG, and the nominal beam was used. The resonant frequencies of the input and output cavities were held constant at the design values and the loaded 's shown in Table II were used for all cavities. As shown in Fig. 9 , the reduction in stagger tuning leads to a reduction in bandwidth from 740 MHz to 580 MHz.
Errors in machining can also affect the 's of the cavities. Fig. 10 shows the peak output power and efficiency versus frequency for the design case and a case where the 's of the buncher cavities have been increased to . As shown in Fig. 10 , the bandwidth has been slightly reduced from 740 MHz to 710 MHz. The tolerance studies depicted in Figs. 9 and 10 show that even if machining tolerances of 0.001 27 cm are maintained, the cavities must still be carefully selected based on resonant frequency and in order for the specifications of output power and bandwidth to be met.
D. Stability Studies
Because the gyroklystron amplifier will be used as the driver for a radar, it must be unconditionally stable at the operating point, meaning that amplifier must be stable even when it is not driven. A linear theory analysis [8] was used to determine the stability of each cavity, each drift section, and the circuit as a whole. For example, in Fig. 11 , the start oscillation of the TE mode in cavity 2 is plotted as a function magnetic field for the design beam. As seen in Fig. 11 , the TE mode has a minimum start of 600 at 35.5 kG. All other modes examined in this cavity, including the TE TE TE TE TE , and TE modes, had start 's higher than 1500 for the magnetic field range shown in Fig. 11 . To ensure stability in cavity 2, the method of loading the cavity to achieve the desired of 175 for the TE operating mode must result in a less than 600 for the TE mode and less than 1500 for all other modes. A linear stability study of cavity 3, which has the same and length as cavity 2, showed similar results. In Fig. 12 , the start oscillation currents for the TE and TE modes in the output cavity (cavity 4) are plotted as a function magnetic field for the design beam. The TE mode has a minimum start current of 14 A at 36.3 kG and the TE operating mode has a minimum start oscillation current of 17 A at 36.1 kG. Other modes that were checked, including the TE  TE  TE  TE  TE  TE , TE , and  TE modes have start currents above 20 A for the magnetic field range plotted in Fig. 12 . As shown in Fig. 12 , there are no modes which will start oscillating near the 6-A, 36.8-kG operating point. A similar start study for cavity 1 was performed and the operating point is expected to be stable at the operating point.
A nonlinear theory was also used to examine the stability of small amplitude parasitic modes in the presence of the large signal amplified mode. In each case, the nonlinear analysis showed higher starting currents for parasitic oscillations than did the linear theory.
In addition, the stability of modes in the drift regions between the cavities and whole circuit modes were examined. Through the study, it was determined that the drift regions must be loaded with ceramics in order to prevent oscillations therein. With the ceramics included in the drift regions, the mode with the minimum start current was found to be the TE mode at 95.25 GHz, which has a minimum start current of 23 A at 37 kG. Because the nominal beam current is 6 A, the circuit is expected to be stable with a rather larger margin of safety.
III. SUMMARY
A high power W-band gyroklystron amplifier has been designed as the driver for a millimeter wave radar system. The specifications require the drive amplifier to deliver 10 kW average power centered at 94 GHz with a minimum of 600 MHz FWHM bandwidth. Theoretical studies to determine the optimal stagger tuning and cavity values were performed. Also the effects of beam parameter variation and cavity dimension errors on circuit performance were examined. Simulations show that a four cavity circuit operating in the TE mode at the fundamental of the cyclotron frequency can achieve 80.2 kW peak output power and 20.6% efficiency for a 65-kV, 6-A electron beam. The gyroklystron will be operated at 12.5% duty to achieve the required 10 kW average output power. The theoretical FWHM bandwidth is 740 MHz. Linear theory shows that with proper design of the second and third cavity loading, the circuit is stable at the operating point.
The realization of the circuit design described above, which includes design of the input cavity, loading of the intermediate cavities, and ceramic loading of the drift regions, has been performed and will be described in subsequent papers. The high average power amplifier is currently under construction and tests began early in 1998.
